Introduction {#Sec1}
============

The availability of immunome-mining tools has fueled the design and development of vaccines by a process that has come to be termed 'reverse vaccinology,' 'vaccinomics,' 'immunome-derived vaccine' (IDV) design, or 'genome-derived vaccine' design (Rappuoli and Covacci [@CR80]; Petrovsky and Brusic [@CR74]; Pederson [@CR73]; De Groot and Martin [@CR14]; Doytchinova, Taylor and Flower [@CR23]). This vaccine concept is based on the identification of a minimal set of antigens that induce a competent immune response to a pathogen or neoplasm. Recognition of antigens occurs through the presentation of B cell and T cell epitopes derived from the antigen, in the correct immunological milieu. In its minimal form, an IDV would contain only adjuvanated B cell and T cell epitopes in delivery vehicles such as liposomes. When these minimal components are packaged in an appropriate delivery vehicle, the complete package comprises an IDV.

Compared to traditional vaccines, IDVs have the potential to be safer and more effective since the vaccine focuses the protective immune response on the most essential antigenic elements of the pathogen/neoplasm. A number of IDVs have been tested in clinical trials (Elliott 2008; Gahery et al. [@CR30]; Asjö et al. [@CR4]; Kran et al. [@CR49]). Because epitope-based IDVs are generally considered to be safe, when compared to other vectored or attenuated live vaccines, many have progressed rapidly from pre-clinical concept into clinical trials. In the cancer vaccine field, where epitope-based vaccines are well-established, many such vaccines are currently in Phase I/II clinical trials (Pietersz, Pouniotis and Apostolopoulos [@CR76]).

This chapter will review the development and validation of IDVs; it will also provide a step-by-step guide to develop IDV using validated immunoinformatics tools. These tools have the potential for dramatically accelerating the development of new and improved vaccines for the emerging and existing infectious diseases. Whole-antigen-based IDVs will be covered briefly; however, the main focus will be on epitope-based IDVs and a description of the immunoinformatics tools that have been developed to accelerate the pre-clinical phase of vaccine discovery. So as to illustrate the process of pre-clinical vaccine development using these tools, two epitope-based IDVs case studies will be presented: (i) a genome-derived vaccine for Tularemia and (ii) an epitope-based HPV vaccine for adjunctive treatment of cancer.

Defining the Immunome {#Sec2}
=====================

Application of molecular biology techniques led to the sequencing of genomes and improved definition of the proteome (expressed proteins). Even though the fundamental concept of the 'immunome' (the subset of fragments of expressed proteins that interface with the host immune system) is relatively well accepted, many important questions remain. Due to genetic variation and poorly understood determinants of antigen processing, it has become clear that immunomes can vary substantially from one host to the next, even when major histocompatibility complex (MHC) and antibody germline genes are shared. The extent of the overlap between immunomes (in different hosts) and the general size of the immunome-representing epitopes derived from a particular pathogen or cancer remain to be determined. Recently published studies are beginning to address these questions, partly due to the availability of algorithms that facilitate the identification of epitopes from whole genomes.

How Large Is the Immunome? {#Sec3}
--------------------------

The size of the immunome has been puzzling vaccinologists for decades. Certainly, there are examples in the literature that 'a single epitope protects.' For example, Crowe et al. ([@CR11]) recently found that immunization with a single Th epitope provided a one-log reduction in influenza viral titers early in infection. A single epitope has also been shown to protect against viral disease in woodchucks (Menne et al. [@CR63]), and multiple single epitopes have protected mice against an array of pathogens (An and Whitton 1997 and Olsen et al. [@CR70]). A more diverse set of T cell epitopes appear to be critical to immune response to vaccinia (in mice): 49 Class I MHC epitopes were shown to contribute to the large majority of the CD8+ T cell immune response (Moutaftsi et al. [@CR65]). Remarkably, it was found that 49 of these predicted epitopes (derived from more than 175,000 candidates) represented over 90% of the vaccinia-specific CD8 T cell repertoire. How this number might be extrapolated to humans is unknown, but the result is relevant because 49 epitopes is few enough to be easily packaged and delivered in a vaccine. An epitope-based IDV for genetically diverse populations of humans will almost certainly require more than that number of epitopes, particularly if the vaccine is intended to protect against complex bacteria or viruses, or against solid tumors presenting variable antigenic profiles. Harnessing the power of immunoinformatics accelerates the tasks of defining the immunome and of identifying and developing new vaccines for human diseases.

Steps in the Development of an Epitope-Based IDV {#Sec4}
================================================

The task of developing an epitope-based IDV can be deconstructed into a series of achievable steps.

Select Protein Antigens of Interest {#Sec5}
-----------------------------------

After selecting a target organism, the next step in the immunome-to-vaccine process is to identify, from within the target genome, a set of potentially antigenic genes/proteins. These sequences can then be screened using a variety of *in silico*, in vitro, and in vivo mechanisms or a combination of methods. In the case of small viral genomes, it may be possible to include the entire genome in the search universe. In the case of larger bacterial and viral pathogens, the traditional vaccine targets include surface proteins and secreted proteins (which can easily be found using *in silico* screening programs), toxins (which can be identified through homology matching), and virulence factors (which can be identified through the use of comparative genomics). However, many other types of proteins may also be worthy of consideration: in particular, proteins expressed in high amounts (such as viral capsid proteins), proteins overexpressed during growth or replication, or proteins overexpressed in response to stress conditions.

For cancer vaccines, comparisons between cancerous and normal tissue can uncover cancer-specific genes. One approach involves the use of mRNA derived from cancerous and normal tissue to probe DNA microarrays, followed by selection of genes that are upregulated in cancerous and not in normal tissue (Mathiassen et al. [@CR59]; Sepkowitz [@CR90]).

Using 'Reverse Vaccinology', a term recently coined by Rino Rappuoli, the immune memory of subjects who have successfully encountered and defeated a pathogen can be interrogated to identify the primary targets of a natural immune response. Rappuoli and colleagues identified novel vaccine targets using *in silico* techniques to screen the target genome for 'surface protein-like' sequences. Candidate proteins were then expressed in *Escherichia coli* and screened against human sera isolated from pathogen-exposed subjects. Reactive proteins were deemed relevant to immune response (Pizza et al. [@CR77]).

A related approach for discovering candidate vaccine antigens involves analyzing the target pathogen's proteome in silico, using T cell epitope mapping tools. Putative T cell epitopes identified can then be screened against peripheral blood mononuclear cells (PBMC) isolated from human subjects who have been infected with the target pathogen (or who have the target cancer). T cell reaction to a particular peptide epitope, typically measured by ELISA or ELISpot assay, implies that the protein from which the peptide was derived, expressed, processed, and presented to the immune system in the course of a 'natural' immune response. Using this method, measuring immune response to an epitope reveals a protein antigen. Our group describes this approach as 'fishing for antigens using epitopes as bait.'

Other common in vitro techniques used to identify expressed or overexpressed genes/proteins include: 2D SDS-PAGE, (Kaufmann et al. [@CR44]; Sonnenberg and Belisle [@CR95]; Hernychova et al. [@CR36]), mass spectrometry (Tomlinson, Jameson and Naylor [@CR103]), and/or tandem mass spectrometry (Barnea et al. [@CR5]).

In the context of vaccines against infectious diseases, it may be prudent to exclude proteins that are highly conserved across species; such proteins (including housekeeping genes) may cross-react with unrelated avirulent organisms or with self-proteins to which there may be pre-existing tolerance. However, conservation *across species* should not be confused with conservation *within* *species variants*. Sequence conservation within species variants is a highly desirable trait for vaccine components and one that the IDV approach is particularly well suited to harness. RNA viruses in particular (HCV, HIV, coronaviruses) are highly variable pathogens. In these cases, selecting epitopes that are conserved across variants or subtypes may allow for the development of a more broadly applicable vaccine. Alternatively, single proteins that are relatively well conserved, when compared to the balance of the target pathogen, can be selected as vaccine candidates. Recently, for example, one team has developed a hexon-epitope vaccine that may be effective against a range of adenoviruses, across serotypes (Leen et al. [@CR55]).

Once critical antigens have been identified, the next steps in epitope-based IDV development are to select epitopes and confirm their immunogenicity.

Identifying B Cell Antigens {#Sec6}
---------------------------

Once the adaptive immune system has been engaged, a humoral, or antibody-based response forms the first line of defense against most viral and bacterial pathogens. Antibodies recognize B cell epitopes composed of either linear peptide sequences or conformational determinants, which are present only in the three-dimensional form of the antigen. Several B cell epitope prediction tools, such as 3DEX and CEP, have been proposed and are in the process of being refined (Enshell-Seijffers et al. [@CR25]; Schreiber et al. [@CR89]; Kulkarni et al. [@CR52]). Unfortunately, the computational resources and modeling complexity required to predict B cell epitopes are enormous. This complexity is due in part to the inherent flexibility in the complementarity determining regions (CDR) of the antibody and in part due to glycosylation, and other post-translational modifications can result in modification of B cell epitopes.

Although accurate B cell epitope mapping tools remain elusive, the selection of potent B cell antigens can be accelerated using T cell epitope mapping tools. When considering B cell antigens as potential subunit vaccines, it may be important to also consider their T cell epitope content since the quality and kinetics of the antibody response is dependent upon the presence of T help. B cell antigens, which contain a significant T help, may outperform B cell antigens lacking cognate help. And in some cases, an identified T cell epitope may contain a B cell epitope. Although different epitopes activate T and B cells, it has been widely reported that B cell epitopes have been shown to co-localize near, or overlap, Class II (Th, CD4+) epitopes (Graham et al. [@CR34]; Rajnavolgyi et al. [@CR79]).

Identifying T Cell Antigens {#Sec7}
---------------------------

The adaptive immune system's second line of defense is the T lymphocyte. Class I-restricted cytotoxic T cells (CD8+ CTL) directly engage and attack infected host cells. Class II-restricted T helper cells mediate the growth and differentiation of both T effector cells and antibody-producing B lymphocytes. Both Class I and Class II T cells carry out their roles in response to T cell epitopes, small linear fragments derived from protein antigens, displayed on the surface of antigen-presenting cells (APC) by various alleles of MHC. While B cells and antibodies generally recognize epitopes on surface proteins only, T cells recognize epitopes derived from a variety of proteins.

Once taken up by APC, antigenic proteins are broken down by digestive enzymes. During this process very large numbers of peptide fragments are released. Any one of these fragments could be a T cell epitope, but only about 2% of all the fragments generated can implant themselves in the binding groove of the MHC molecule and be presented on the surface of the APC. One of the critical determinants of T cell epitope immunogenicity is the strength of epitope binding to MHC molecules (Lazarski et al. [@CR54]). Peptides binding with higher affinity are more likely to be selected by MHC molecules and to be displayed on the cell surface where they can be recognized by T lymphocytes. Using a variety of methods including frequency analysis, support vector machines, hidden Markov models, and neural networks, researchers have developed highly accurate tools for modeling the MHC--peptide interface and for accurately predicting T cell epitopes. For a review of T cell epitope mapping tools, see De Groot and Berzofsky ([@CR15]) and the accompanying issue of Methods. What all these tools have in common is an ability to quickly screen large volumes of genomic sequences for putative epitopes; this preliminary screen reduces the search space dramatically, typically by at least 20-fold.

The ability to accurately predict T cell epitopes from raw genomic data is fundamental to the development of an IDV. However, even a highly accurate prediction is still only a prediction. Before including predicted epitopes in a candidate vaccine, it is important to validate their immunogenicity in vitro and in vivo.

### In Vitro Assays: Peptide Binding Assays {#Sec8}

Once identified, peptides representing the selected epitopes are then synthesized. HLA binding assays can be used to assess whether peptides derived from immunoinformatics analysis can bind to either MHC Class I or Class II by measuring the affinities of predicted epitope sequences for the HLA alleles in vitro. In vitro evaluation of MHC binding can be performed by quantifying the ability of exogenously added peptides to compete with a fluorescently labeled known MHC ligand (Steere et al. [@CR97]) and can be adapted for high throughput (McMurry et al. 2007a). EpiVax routinely uses these high-throughput HLA binding assays to confirm epitope predictions in vitro. A concordance between HLA binding and immunogenicity is often observed (McMurry et al. [@CR62]).

### In Vitro Assays: Measuring T Cell Responses {#Sec9}

Peptides are used to measure T cell responses in vitro; they can be of variable lengths (9--25). Peptides presented in the context of Class I MHC are generally limited to 9 or 10 amino acids in length, although some processing is believed to occur during the T cell assay and so 15-mers are also used for Class I assays. In contrast with Class I epitopes, which are short and fit tightly in the bounded MHC molecule, Class II (T helper) epitopes lie within an open-ended groove in the MHC II. As such, a Class II epitope can shift within the groove, thereby accommodating MHC of various haplotypes. The only limit on the size of the peptide is its ability to remain in a linear conformation in the open-ended groove.

Both MHC Class I- and MHC Class II-restricted epitopes (targeting CD4+ and CD8+ T cells, respectively) are believed to be important for the development of effective vaccines. CD4+ T helper cells enhance and amplify cytotoxic T cell (CTL) immune responses and have been shown to be important in the development of CD8+ T cell memory to a range of pathogens (Ahlers et al. [@CR1]). CTLs generally play a role in the containment of viral and bacterial infection (Plotnicky et al. [@CR78]), and the prevalence of CTLs usually correlates with the rate of pathogen clearance.

Like peptides, whole antigens too can be used to measure T cell responses in vitro. The recognition of these antigens requires the presence of an APC that is capable of processing and presenting peptides derived from the antigen.

If blood from exposed individuals is available, the peptides validated as MHC ligands in binding assays can be tested for their reactivity with T cells, serum, or both. A positive immune response (as measured by ELISA, ELISpot, or intracellular cytokine staining) should be interpreted as a sign that the parent protein interfaces with host immune response in the course of natural infection or disease. Following confirmation, the peptides that stimulate a response can be considered vaccine candidates themselves or can be used to select the entire protein for use in a subunit vaccine. These candidates can then be incorporated into a vaccine delivery vehicle with an appropriate adjuvant.

ELISA and ELISpot are related methods for detecting T cell responses by the measurement of cytokines secreted by the T cells (gamma interferon, IL-2, and IL-4 are examples). The expansion (proliferation) of T cells in response to stimulation by peptide:MHC can be measured by (1) the dilution of a fluorescent dye in subsequent generations of cells (CFSE) and (2) the incorporation of a radioactive label in the proliferating cell's DNA (tritiated thymidine incorporation assay). Fluorescence activated cell sorting (FACS) and intracellular cytokine staining (ICS) are the most precise methodologies available for measuring and defining T cell response. For example, T cells that respond to a particular epitope can be directly labeled using tetramers (comprising MHC Class II: peptide complexes). Labeled cells can then be sorted and counted, and the phenotype of T cells that respond to the antigen can be determined using cell surface markers and ICS (Tobery et al. [@CR101]).

Select Delivery Vehicle and Adjuvant {#Sec10}
------------------------------------

Factors extrinsic to processing, such as the cytokine milieu induced in response to a particular component of a vaccine (Krieg et al. [@CR50]) or pathogen (Ghosh et al. [@CR31]), also play a role in the conditioning of the immune response. Thus, T cell epitopes may be necessary to drive immune response, but are not sufficient. Co-stimulatory molecules that provide a second signal, the right cytokine milieu and other factors directing the nature (Th1 vs. Th2) of the immune response, are also crucial (Shahinian et al. [@CR92]; Kuchroo et al. [@CR51]). Adjuvants provide this added 'boost' in the context of vaccines.

The same range of delivery vehicles that exist for conventional vaccines can be used for the development of IDVs and epitope-based IDVs. For example, IDVs and epitope-based IDVs can be formulated and delivered as pseudo-proteins or peptides in a carrier vehicle such as a liposome or viral-like protein (VLP); alternatively, the sequence of the IDV antigens or epitope string can be inserted into a viral or bacterial vector such as adenovirus or salmonella; alternatively, a DNA vaccine construct encoding the antigen(s) or epitopes can be developed. The choice of adjuvants for use in humans is relatively extensive and each adjuvant has advantages and disadvantages. The advantages and disadvantages of each type of vaccine delivery vehicle and adjuvant here is beyond the scope of this chapter; readers are referred to a review by Fraser et al. ([@CR29]).

Animal Model for Vaccine Efficacy {#Sec11}
---------------------------------

The next step in the development of epitope-driven IDV is to determine whether immunization provides competent immune response. The IDV or epitope-based IDV is administered and immune responses to the components are evaluated following immunization. Even though a range of animal models are used for the evaluation of vaccines, results from immunogenicity studies in these models should be interpreted with caution. Although their functions may be similar, the MHC of mice, rodents, and non-human primates differ from human MHC (known as HLA in the context of human immune response) at the amino acid level and these differences effect which epitopes can be presented. This helps to explain why different strains of mice (Balb/C, C57Bl/6) have different immune responses to pathogens as well as vaccines for those pathogens (Klitgaard et al. [@CR45]). In particular, epitope-based vaccines that are developed using predicted human T cell epitope mapping tools can be tested only in murine models that are HLA transgenic.

Fortunately, a number of transgenic mouse strains that express the most common HLA A, HLA B and HLA DR, molecules have been developed. T cell responses in these mice correlate directly with T cell responses observed in infected/vaccinated humans (Man et al. [@CR57]; Shirai et al. [@CR94]). HLA transgenic mice are now routinely used to assay and optimize (human) epitope-driven vaccines in pre-clinical studies (Ishioka et al. [@CR39]; Charo et al. [@CR9]; Livingston et al. [@CR56]). Despite the limited number of HLA Class II alleles for which Tg mice have been developed, comparisons of immunogenicity can be done to a high degree of accuracy in the mouse model for selected HLA Class II alleles (HLA DR 0101, 0301, 0401, 1501). Unfortunately, it appears these mice may have difficulty breeding due to poorly understood consequences of their transgenic heritage, limiting the use of this important model system.

Challenge Studies {#Sec12}
-----------------

The final step in the development of any vaccine is experimental validation of the immunogenicity and protective efficacy of computationally selected antigens. Currently, a series of experimental vaccines have shown efficacy in animal models and several IDVs are being tested in clinical studies. In the context of infectious disease, genome-derived vaccines that have progressed furthest along the vaccine development pipeline are generally based on whole proteins rather than epitopes (Rappuoli and Covacci [@CR80]; Pizza et al. [@CR77]). However, epitope-based IDVs are currently being developed for a range of infectious diseases by the authors' laboratory and by many others (Depla et al. [@CR21]).

While it is common knowledge that subunit-based vaccines can protect against infection, similar success with epitope-based approaches is not as widely known. In addition to the studies previously cited, immunization of BALB/c mice with three doses of a peptide construct containing an H-2(d)-restricted cytotoxic T lymphocyte (CTL) epitope from a murine malaria parasite induced both T cell proliferation and a peptide-specific CTL response mediating nitric-oxide-dependent elimination of malaria-infected hepatocytes in vitro, as well as partial protection of BALB/c mice against sporozoite challenge (Franke et al. [@CR28]). In a separate study, immunization of BALB/c and CBA mice with measles virus CTL epitopes resulted in the induction of epitope-specific CTL responses and conferred some protection against encephalitis following intracerebral challenge with a lethal dose of virus (Schadeck et al. [@CR86]). These are just a few successful examples of many studies carried out in animal models; however, translation to prevention of disease in humans has been difficult to achieve.

Clinical Development {#Sec13}
--------------------

In contrast with whole-protein subunit vaccines, IDVs and epitope-based IDVs have taken longer to make the transition from animal model to the clinic, mainly due to the novelty of the concept and perhaps unfounded concerns that epitopes are not sufficient for the generation of effective immune response. Cancer therapy is an exception to this rule. As previously described, eptiope-based IDVs have been evaluated in the context of therapy against chronic infection or cancer (Ueda et al. [@CR104]; Valmori et al. [@CR105]).

In the cancer vaccine field, where the concept of epitope-driven vaccines is well established, many more peptide vaccines have successfully passed pre-clinical tests and are currently in Phase I/II clinical trials (Pietersz, Pouniotis and Apostolopoulos [@CR76]). New approaches are emerging, which may improve the success rate and, indeed, the results from recent clinical trials prove the principle. One approach is to identify epitopes that are unique to the tumor (prostate, lung, colon) and to pre-screen the patient for response to the peptide. This approach, called personalized vaccination, takes into account the diversity of CTL epitope recognition among patients. Whereas the response rates to classical (non-personalized) peptide vaccines have been disappointing, responses to personalized vaccines (in a Phase I trial, conducted in Japan) have been as high as 11.1% in the advanced cancers and equal to or more than 20% in malignant glioma and cervical cancers, respectively (Itoh and Yamada [@CR40]).

It is noteworthy that just a few epitope-driven vaccines against viral and microbial pathogens have reached the stage of Phase I or II efficacy trials in humans. For example, Bionor Immuno's HIV p24 gag peptide vaccine (Vacc-4X) was demonstrated to be safe and well tolerated in Phase I trials (Asjö et al. [@CR4]) and dose-dependent and immunogenic in Phase II trials in Norway (Kran et al. [@CR49]). Similarly, Nardin's epitope-based vaccine for malaria is moving along the clinical trial pathway (Nardin et al. 2000).

Epitope Mapping Tools for IDV {#Sec14}
=============================

In this section, we describe the immunomics tools developed and used by the EpiVax vaccine development group in recent collaborations with Dr. Steve Gregory of Lifespan, Dr. Ousmane Koita of the University of Bamako, Mali and Dr. David Weiner of University of Pennsylvania.

EpiMatrix: T cell Epitope Mapping for IDV {#Sec15}
-----------------------------------------

T cell epitopes are linear peptides that bind to MHC molecules. Binding is mediated by the interactions between the R-groups of the amino acids in the peptide ligand and the pockets on the floor of the MHC binding groove. Because the MHC:peptide interaction is well characterized, pattern-matching algorithms can be used to screen protein sequences for peptides that will bind MHC. The authors of this report currently use the EpiMatrix system, a suite of epitope-mapping tools that has been validated by more than a decade of use in selecting putative epitopes for in vitro and in vivo studies (see references (De Groot et al. [@CR18]; Bond et al. [@CR8]; Dong et al. [@CR22]; McMurry et al. [@CR62]; Koita et al. [@CR47]). The EpiMatrix algorithm is based on a set of Class I and Class II HLA matrices wherein individual frequencies of all 20 amino acids (aa) in each HLA pocket position are applied to the prediction of overlapping 9- and 10-mer peptides. In a typical analysis, protein antigens are parsed into overlapping 9-mer frames where each 9-mer overlaps the last by eight amino acids. Each 9-mer is then scored for predicted binding affinity to one or more Class I or Class II HLA alleles. In order to compare potential epitopes across multiple HLA alleles, EpiMatrix raw scores are converted to a normalized 'Z' scale. Peptides scoring above 1.64 on the EpiMatrix 'Z' scale (typically the top 5% of any given sample) are likely to be MHC ligands. Since Class II epitopes can be promiscuous, our approach to the prediction of Class II epitopes is to estimate the binding potential of each frame with respect to each of a panel of eight common Class II alleles (DRB1\*0101, \*0301, \*0401, \*0701, \*0801, \*1101, \*1301, and \*1501). Taken together, these alleles 'cover' the genetic backgrounds of most humans worldwide (Southwood et al. [@CR96]) and they also represent the predominant types of 'pockets' for the most common MHC.

Recently, the EpiMatrix system has been utilized to measure the potential immunogenicity of whole proteins. In this context, EpiMatrix assesses the aggregate epitope density of a given protein with respect to the aggregate epitope density of a set of randomly generated pseudo-protein sequences of similar size (De Groot [@CR12]). By correcting for the size and expected epitope density, the potential immunogenicity candidate vaccine antigens can be directly compared. Further immunogenicity of low scoring proteins may be enhanced by modifying the immunogenic region amino acid sequence so that it contains more T cell epitopes (see illustration of this approach in the HPV vaccine section, below).

ClustiMer: Finding Promiscuous T cell Epitopes {#Sec16}
----------------------------------------------

Peptides predicted to bind to multiple HLA alleles are known as promiscuous T cell epitopes. The ClustiMer algorithm is used to scan the output produced by the EpiMatrix and identifies the polypeptides predicted to bind to an unusually large number of HLA alleles. Briefly, the scores of each analyzed 9-mer are aggregated. High-scoring 9-mers are then extended at the N- and C-terminal flanks until the predicted epitope density of the promiscuous epitope falls below a given threshold value. This particular approach to mapping epitopes has also been useful for discovering 'EpiBars,' which may be a signature feature of highly immunogenic, promiscuous Class II epitopes. An example of a promiscuous T cell cluster containing an EpiBar (Tetanus Toxin 830--844) is shown in Fig. [1](#Fig3_1_141319_1_En){ref-type="fig"}. Fig. 1EpiBar-Typical EpiMatrix analysis. Z score (![](978-0-387-79208-8_3_Fig1b_HTML.gif){#d29e548}) indicates the potential of a 9-mer frame to bind to a given HLA allele. All Z scores in the Top 5% (\>1.64) are considered 'hits'. Though not hits, scores in the top 10% are considered elevated; scores below 10% are masked for simplicity. Frames containing four or more alleles scoring above 1.64 are colloquially referred to as 'EpiBars' (see frames 831:YIKANSKFI and 832: IKANSKFIG). This band-like pattern is characteristic of promiscuous epitopes. The tetanus toxin peptide scores are extremely high for all eight alleles in EpiMatrix; the deviation compared to expectation is + 23.82

A single T cell epitope 'cluster' usually ranges from 9 to about 25 amino acids in length and can contain anywhere from 4 to 40 binding motifs. Using EpiMatrix as described above and ClustiMer, scores above 10 and, in particular, scores above 15 indicate significant immunogenic potential (De Groot [@CR12]). Note the horizontal bar of high Z scores at position 308 in Fig. [3](#Fig3_3_141319_1_En){ref-type="fig"}. Having observed this 'EpiBar' pattern to be characteristic of promiscuous epitopes, the authors have integrated the pattern into the prospective selection of clusters. Fig. 2The ICS assembly operation was performed using EpiAssembler (Bill Martin, EpiVax, 2004). *Left panel*: each variant strain is first analyzed and a highly conserved, putatively promiscuous 9-mer is chosen as the core peptide. Mismatches with the selected epitope sequences are represented with the letter X. *Right panel*: Additional epitopes are then identified, which overlap with the natural N- and C-terminal flanking regions of the core 9-mer epitope. The overlap length requirement is decreased by one amino acid iteratively until reaching a minimum of three overlapping amino acids. If more than one suitable overlap is identified, the overlapping peptide with the higher overall EpiMatrix rank is selected. This process is repeated using the extended peptide as the new core sequence. The cycle can be repeated for the length of an entire protein or can be truncated when the peptide reaches a length that can be easily produced synthetically

Promiscuous epitopes also exist, to a certain degree, for Class I alleles. Some laboratories have demonstrated cross-presentation of peptides within HLA 'superfamilies' (such as the A3 superfamily: A11, A3, A31, A33, and A68) described by (Sette and Sidney [@CR91]). The authors have confirmed cross-MHC binding and presentation to T cells in our HIV vaccine studies (De Groot et al. [@CR16]).

Additional Vaccine Design Tools {#Sec17}
===============================

Conservatrix: Finding Conserved T Cell Epitopes {#Sec18}
-----------------------------------------------

One limitation of conventional vaccination, and to a lesser extent natural infection, is that the immune system focuses strongly on the most mutable immunogen of the virus -- typically, the viral envelope. In the case of HIV and other viruses, vaccination with more conserved, subdominant epitopes has been shown to circumvent this hierarchy and potentiate cross-strain protection (Ostrowski et al. [@CR71]; Nara and Lin [@CR66]). In like manner, a conserved T helper--directed vaccine may provide a more 'democratic' way of stimulating immune response, increasing the number targets for T cell recognition, thereby providing T help to antibody response despite potential viral variability (Santra et al. [@CR85]; Subbramanian et al. [@CR98]; Scherle and Gerhard 1988; Scherle and Gerhard [@CR87]; Russell and Liew [@CR84]; Johansson et al [@CR43]).

The genetic variability of some pathogens constitutes a significant challenge to the efforts to design a vaccine driven by cellular immune response (De Groot et al. [@CR16]; De Groot et al. [@CR20]). The authors have been involved in developing an HIV-1 vaccine that includes highly conserved (cross-clade) T cell epitopes. The Conservatrix algorithm, developed for this application, parses input sequences into component strings (the lengths of the strings may be determined by the operator) and then searches the input dataset for matching segments. Conservatrix may be used to compare strings derived from different strains of the same organism (hepatitis C, for example, or HIV) or to search a given sequence for a user-supplied target sequence. Target sequences may be input as specific sequences or as coded patterns. Thus, the operator can use 'wild cards', allowing for one or more of the amino acid residues in any given peptide sequence to be any amino acid \[X\], or a limited set of amino acids such as \[L, V\]. Results of each analysis are stored in a database and may be browsed or exported to another program for analysis.

By selecting highly conserved epitopes, regardless of their distance from the ancestral HIV-1 genome, we have identified sequences conserved for structural and functional reasons and are therefore less likely to be modified in the course of further evolution of HIV-1 (Peyerl et al. [@CR75]; Koibuchi et al. [@CR46]).

EpiAssembler: Immunogenic Consensus Sequence Epitopes {#Sec19}
-----------------------------------------------------

The problem of virus variability also significantly complicates the selection of epitopes that have a population-coverage advantage; such epitopes are termed 'clustered,' 'superfamily,' or 'promiscuous.' To address this problem, the authors developed EpiAssembler (De Groot et al. [@CR15]) to identify sets of overlapping, conserved, and promiscuously immunogenic epitopes and assemble them into extended immunogenic consensus sequences (ICS) (see Fig. [2](#Fig3_2_141319_1_En){ref-type="fig"}). Fig. 3Vaccine-CAD, illustrated with three sample epitopes represented by the words 'create,' 'new,' and 'epitopes.' The default arrangement of the words results in unintended sequences, represented by the words 'eaten' and 'ewe,' at the junctions between the intended epitopes. Reiterative modifications in the arrangement of the epitopes results in the development of a sequence that has no 'pseudoepitopes' (new epitopes that were not intended) at the junctions of the juxtaposed epitopes

In theory, proper processing and presentation of these sequences would allow for the presentation of highly conserved peptides in the context of more than one MHC. The resulting peptide is not a 'pseudosequence' as such, since each constituent epitope occurs in its corresponding position in the native protein. Thus, while the full-length 'immunogenic consensus sequence' is not necessarily found in any one variant sequence, the peptide is more representative of the sequence universe.

In the case of HIV, for example, we used the ICS approach to design a peptide-based vaccine. While the full-composite ICS peptides happen to be exactly conserved in a few individual strains of HIV, each peptide represents a significant percentage of circulating strains, because every constituent overlapping epitope is conserved in a large number (range 893 to 2,254) of individual HIV-1 strains. As compared with immunogenic consensus sequences, randomly selected counterparts, on average, contain half as many binding motifs and cover a third fewer isolates. To develop vaccines of equivalent antigenic 'payload,' using conventional methods would be prohibitively expensive as it would require including multiple different variants of each antigen. This approach has been useful for identifying highly immunogenic epitopes for HIV vaccine design (De Groot et al. [@CR19]). By focusing on conserved, MHC-promiscuous T helper epitopes, the ICS approach has the potential to efficiently overcome the genetic variability of both virus and host.

Eliminating Cross-Reactivity (BlastiMer) {#Sec20}
----------------------------------------

One of the advantages of IDV is that it is possible to omit deleteriously cross-reactive epitopes. Perhaps, the most famous example of an adverse effect due to cross-reactivity with self was observed following vaccination for Lyme disease with the Osp A protein. The vaccine has been recently re-engineered with the cross-reactive epitope removed (Willett et al. [@CR109]). In the context of our own work, peptides selected for in vitro evaluation are evaluated for homology with human proteins by BLASTing the sequences against the human sequence database at GenBank (<http://www.ncbi.nlm.nih.gov/>.)

BLASTiMer automates the process of submitting sequences to the websites featuring search engines such as the blast engine at NCBI ([www.ncbi.nlm.nih.gov/blast](http://www.ncbi.nlm.nih.gov/blast)). By default, BLASTiMer blasts sequences against all non-redundant GenBank CDS translations, PDB, SwissProt, PIR, and PRF. BlastiMer assesses the homology between the submitted sequence and the sequence of proteins of other organisms. Patent BLAST, on the other hand, targets a database of sequences gleaned from patents. Users of either program may control all of the submission options available to interactive users at NCBI. In both cases, results are recorded in a database and can be browsed, exported, or summarized and rendered in a report format. According to the authors' standard practice, any peptide that shares greater than 80% identity with peptides contained in the human proteome is eliminated from consideration in a vaccine.

Vaccine CAD: Aligning Epitopes {#Sec21}
------------------------------

A number of methods for enhancing epitope-based vaccines have been described and implemented (Thomson et al. [@CR99]; Rodriguez and Whitton [@CR81]). One approach is to align the epitopes in a protein or DNA vaccine construct as a 'string of beads' without any intervening sequences or 'spacers' in a DNA plasmid encoding the individual epitopes (An et al. [@CR2]). However, the lack of 'natural flanking sequences' -- has raised concern that their proteolytic processing may be compromised, and that junctional epitopes, peptides other that the specific peptides of interest, may be generated as a result of processing (Godkin et al. [@CR33]). To address this concern, the authors developed Vaccine-CAD (see Fig. [3](#Fig3_3_141319_1_En){ref-type="fig"}), an algorithm that incorporates the evaluation of junctional epitopes, the insertion of spacers and breakers, the requirements for secretion or processing tags, and the evaluation of epitope strings for potential homologies to human protein fragments.

HLA Coverage for IDV {#Sec22}
--------------------

An important component in the epitope-driven vaccine process is the selection of epitopes from the regions of pathogens that are presented by MHC molecules for T cell recognition. 'MHC binding motifs,' first identified by Rötzschke and Falk, are the patterns of amino acids in peptides that are known to promote the binding of peptides containing these patterns to the MHC molecules on the surface of APCs (Falk et al. [@CR26]; Rotzschke et al. [@CR83]). Different MHC molecules have different binding motifs, limiting the set of MHC ligands that can be presented in the context of any given MHC.

While consideration of HLA alleles may lead to concern about the selection of epitopes for broad coverage of populations, Gulukota and DeLisi ([@CR35]) and Sette and Sidney (1998) have demonstrated that epitope-based vaccines that contain epitopes restricted by selected 'supertype' HLA can provide the broadest possible coverage of the human population. Furthermore, recent studies by Brander and Walker indicate that there may be even greater flexibility in the binding of epitopes to MHC than previously recognized; this is also consistent with the data recently presented by Frahm et al. ([@CR27]). The inclusion of 'promiscuous epitopes' -- epitopes that are recognized in the context of more than one MHC (Paina-Bordignon et al. [@CR72]; De Groot et al. [@CR17]; Sette and Sidney [@CR91]) in epitope-driven vaccines may therefore overcome the challenge of genetic restriction of immune response. In addition, the repertoire of possible MHC-restricted epitopes recognized by an individual's T cells has been shown to be quite variable, even between HLA-matched individuals (Jameson, Cruz and Ennis [@CR42]; Gianfrani et al. [@CR32]; Betts et al. [@CR7]).

Aggregatrix: Aggregation of Epitopes into the Ideal IDV {#Sec23}
-------------------------------------------------------

Aggregatrix, a new algorithm that was recently developed at EpiVax, iteratively searches for the combination of epitopes that achieves maximal cross-clade representation. The authors performed this analysis for our HIV epitopes, as shown in Fig. [4](#Fig3_4_141319_1_En){ref-type="fig"}, evaluating each HLA-A2-restricted HIV peptide individually and the set in aggregate for coverage of HIV-1 strains by year (1995--2005), by country of origin, and by clade. As can be seen in this figure, the set of highly conserved A2-restricted peptides we have tested and confirmed in ELISpot assays covered between 54% and 86% of strains in a given year, between 33 and 100% of strains in a given country, and between 0% and 100% of strains in a given clade. The HLA A2 peptides cover 85, 78, 78, and 80% of clades A, B, C, and D, respectively. This is a remarkable breadth of coverage for a limited set of HLA A2 epitopes, given the well-known ability of HIV to mutate away from HLA (Nguyen et al. [@CR68]; Iversen et al. [@CR41]). Fig. 4GAIA HIV A2 peptides --- individually and in aggregate --- percentage coverage of strains by year, country, and clade. Each row of the matrix denotes a specific peptide; the peptide's protein of origin is included within the peptide ID. Each column of the matrix denotes a specific year, country, or clade, grouped as indicated. The percentage coverage of strains is represented on a color gradient, with warm tones indicating values above 50% and cool tones indicating values below 50%. The *bottom* row of the matrix shows the percentage of each protein set that contains at least one peptide from our pool. *Black boxes* indicate that no isolates of the protein are available for that year, clade, or country. The *bottom* row represents the aggregate percent coverage for the epitope set. Each cell of the matrix represents the percentage coverage per peptide, except for the bottom row cells, which represent the aggregate percentage coverage for the peptide set. Column headers are listed here for space considerations: left to right, the year columns are 1995, 1996, 1997, 1998, 1999, 2000, 2001, 2002, 2003, 2004, and 2005; aggregate coverage of strains by year ranges from 47% (2000) to 63% (2004). The countries left to right are: Angola, Argentina, Australia, Belgium, Benin, Bolivia, Brazil, Botswana, Belarus, Canada, The democratic republic of the Congo (Zaire), Congo, Cote d'Ivoire, Chile, Cameroon, China, Colombia, Cuba, Cyprus, Germany, Djibouti, Dominican Republic, Ecuador, Estonia, Spain, Ethiopia, France, Gabon, United Kingdom, Georgia, Ghana, Gambia, Equatorial Guinea, Greece, Hong Kong, Israel, India, Italy, Japan, Kenya, Republic of Korea, Mali, Myanmar, Namibia, Niger, Nigeria, Netherlands, Norway, Portugal, Russian federation, Rwanda, Sweden, Senegal, Somalia, Chad, Thailand, Trinidad and Tobago, Taiwan, United Republic of Tanzania, Ukraine, Uganda, United States, Uruguay, Uzbekistan, Venezuela, Vietnam, Yemen, South Africa, Zambia, and Zimbabwe; aggregate coverage of strains by country ranges from 33% (Gabon) to 94% (Italy). The clade columns left to right are: 0206, 0209, 1819, A, AAD, AB, AC, ACD, ACDGKU, AD, ADF, ADGU, ADHK, AE, AF, AFG, AFU, AG, AGH, AGHU, AGJ, AGU, AHJU, AU, B, BC, BF, BG, C, CD, CGU, CK, CPX, CU, D, DF, DK, DO, DU, F, G, GHJKU, GK, GKU, GU, H, J, JKU, JU, K, N, O, U. The HLA-A2 peptides together cover 51, 51, 53, and 44% of clades A, B, C, and D, respectively. On average, the chimeric clade sequences were 50% covered by our HLA-A2 restricted epitopes (*See* Color Insert)

Individualized T Cell Epitope Measure (iTEM) {#Sec24}
--------------------------------------------

In studies of immune response to therapeutic proteins, the authors have observed that subject-to-subject variation in T cell response closely relates to (1) subject HLA type and (2) the number of protein-derived peptides that match the subjects HLA. To describe this relationship, the authors developed a metric that may be useful in the development of epitope-based vaccines or in the clinical assessment of immune response to vaccines, called the 'individualized T cell epitope measure' or iTEM. The iTEM can be calculated for each subject who is responding to a given epitope by summing the EpiMatrix Z-scores for each positive peptide for each HLA allele in a given subject\'s haplotype, thus:$$\documentclass[12pt]{minimal}
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$$\eqalign{{\rm iTEM\,score}&= [\hbox{EpiMatrix score of peptide for HLA type}\ 1] \\ &\quad + [\hbox{EpiMatrix score of peptide for HLA type}\ 2] + \ldots}$$
\end{document}$$The same calculation can be performed for larger peptides and proteins by summing all of the scores for the subject's HLA type. This calculated score allows for the individualized potential immunogenicity to be predicted, based on the number of putative epitopes contained in a protein that might be presented to their T cells, based on their HLA haplotype. Using this score, it is possible analyze the contribution of haplotype to the corresponding T cell response. In our prospective evaluations, significant correlations were found between the IFN-gamma response to a given antigen and the iTEM scores for individual subjects (for data published in Koren et al. ([@CR48]) *r*= 0.69, *p*= 0.0134). In addition, correlations between the iTEM score and patient HLA were also observed for their antibody titers. Further evaluations of this method for predicting individual responses to vaccines and therapeutic proteins are in progress.

Anticipating Processing and Presentation {#Sec25}
----------------------------------------

Defining the immunome by identifying T cell epitopes and confirming their immunogenicity is but the first step of vaccine development. A number of conditions extrinsic to the MHC-ligand interaction may influence the final composition of the epitope ensemble. For example, whether or not a predicted epitope is confirmed is related to: (1) the quantitative expression of the source protein; (2) the number of different epitopes derived from this protein, which are presented on the surface of the APC (Wherry et al. [@CR108]); (3) the amino acids that flank the epitope (Bergmann et al. [@CR6]; Shastri, Serwold and Gonzalez [@CR93]; Livingston et al. [@CR56]); and (4) proper cleavage and trimming by proteolytic enzymes in the proteasome and processing pathways (Van Kaer et al. [@CR106]; York et al. [@CR110]; Chen et al. [@CR10]; Toes et al. [@CR102]). For example, it is very likely that end-to-end epitope presentation, such as was used in the design of the OXAVI HIV gag/epitope vaccine, impaired the presentation of the epitopes in immunogenicity studies.

Vaccine-CAD also takes into account the role of flanking residues: Studies conducted in murine models have demonstrated that residues flanking an MHC Class I epitope strongly influence the delivery of the intact epitope to TAP following proteasome degradation (Thomson et al. [@CR100]; Hozhutter, Frommel and Kloetzel [@CR37]; Mo et al. [@CR64]). In addition, Livingston et al. ([@CR56]) have tested a standard spacer sequence (-GPGPG-) for vaccine constructs consisting of MHC-II-restricted, Th-cell epitopes; the use of this spacer disrupts junctional epitopes that might compete for degradation or for MHC binding (both G and P are unusual carboxy-terminal anchors for a peptide that binds to Class II MHC). This approach has been used for constructs with up to 20 epitopes, in assays where responses were detected to the majority of epitopes (Livingston et al. [@CR56]).

Methods of Confirming IDV {#Sec26}
=========================

Two Case Studies {#Sec27}
----------------

### Bacterial (Tularemia) {#Sec28}

*Francisella tularensis* is a zoonotic bacterium. It is endemic to certain communities such as Martha's Vineyard, Massachusetts, USA, where it is known as Rabbit Fever. Tularemia represents a potentially dangerous biological weapon owing to its high degree of infectivity, ease of dissemination, and capacity to cause severe illness. Despite several decades of research, no vaccine for tularemia is licensed for public use. For a review of tularemia vaccines, see McMurry et al., [@CR60].

We have been actively developing an epitope-based tularemia vaccine combining computational immunology with in vitro and in vivo validation (McMurry et al [@CR61]). The starting point of our vaccine was the fully annotated *F. tularensis*subsp. *tularensis* (SCHUS4) genome published in by Larsson et al. ([@CR53]). A prototype vaccine containing only Class II epitopes has been tested in challenge studies in HLA DRB1\*0101 transgenic mice. For this vaccine, the EpiMatrix algorithm was utilized to identify highly promiscuous T cell epitopes within the tularemia genome. Twenty-five Class II-restricted epitopes were selected, synthesized, and screened in vitro using a recombinant soluble HLA Class II competition-binding assay (described above). Peptides that bound with high affinity were then tested ex vivo in ELISpot assays with blood obtained from *F. tularensis*subsp. *tularensis*-exposed individuals. SearchLight analysis was also performed on supernatants derived from human cell culture stimulated with peptide using a panel of nine cytokines. Forty-two percent of peptides bound to DRB\*0101 and are likely to bind to several other alleles (in that they were predicted using the ClustiMer algorithm). ELISpot assays showed positive IFN-gamma responses to 21/25 individual peptides and to peptide pools in nearly all of the 23 human study. The number of epitopes recognized per subject ranged from 1 to 17 and averaged 4 per subject; not every peptide was tested for every subject.

Peptides that elicit a robust memory response, as evaluated by these various assays, were incorporated into a vaccine construct and tested in challenge studies with HLA transgenic mice as a possible vaccine against tularemia. Immunogenicity studies in HLA transgenic DRB1\*0101 mice were performed using the multi-Class II-epitope DNA constructs and/or peptides representing the epitopes, and T cell responses were evaluated in IFN-gamma ELISpots. HLA DR1 transgenic mice were challenged with five times the LD50 of *F. tularensis* LVS; 57% of vaccinated mice survived, all non-vaccinated mice died (manuscript in preparation). This result demonstrates the potential for a genome-derived epitope-based vaccine to protection from a Class A bioterror pathogen.

Importantly, the protection we observed is accounted for by only 10 of the 14 SCHUS4 epitopes in the vaccine, as they were conserved in the LVS challenge strain. The SCHUS4-specific epitopes that were found to be significantly immunogenic would further contribute to protection in a SCHUS4 challenge. This result is consistent with other findings that a limited set of epitopes may be sufficient to induce a protective immune response (Moutaftsi et al. [@CR65]). Studies using SCHUS4 (the wild type tularemia) are planned. The results obtained to date appear to indicate that vaccine design that originates with the whole genome may lead to the development of a protective epitope-based vaccine.

### Therapeutic HPV Vaccine {#Sec29}

Cervical cancer is the second leading cause of death afflicting women worldwide; 40% of cervical patients develop persistent, recurrent, or widely metastatic disease. While a preventive vaccine now exists for HPV, there is a need for a therapeutic vaccine to treat existing cases of HPV, especially in resource-poor areas where access to the preventive vaccine is limited.

Cellular immune responses are believed to be critical for effective immune response to cancer; accordingly, EpiVax is pursuing the development of an 'immunotherapeutic vaccine' which would focus on the proteins primarily expressed either before or during carcinogenesis (E1 and E2, E6, and E7). In order to maximize immunogenicity across HPV subtypes, our strategy involves analyzing variant strains of HPV protein sequences, using (1) EpiMatrix to identify Class I and Class II HLA motif matches, (2) Conservatrix to identify those motif matches that are conserved, and (3) Epi-Assembler to weave together the conserved immunogenic sequences into a full immunogenic consensus sequence (ICS) antigen. A full ICS vaccine antigen would retain the fundamental structure of its naturally occurring counterparts; however, it will contain more and better epitopes than would occur in any such one counterpart. The authors have identified five conserved epitopes in E1 and E2, which have stimulated significant responses in ELISpot IFN-g assays. In the proposed vaccine, these epitopes and others will be incorporated in their natural context within the proteins, which could be delivered as DNA, proteins, or a prime-boost combination. By preserving the natural flanking regions surrounding our epitopes, we hope to retain, in large part, the natural processes surrounding HPV protein degradation, transport, and presentation as they occur during natural infections. The ICS approach described here is the same as that illustrated in Fig. [5](#Fig3_5_141319_1_En){ref-type="fig"}, but extending over the full natural length of the protein. For a more in-depth review of a similar approach being pursued for influenza, see McMurry et al. (2008). Fig. 5Illustration of our novel strategy to generate an HPV vaccine candidate. The putative epitopes identified during this analysis will be combined to form several consensus sequences, which retain the fundamental structure of these HPV proteins but which also contain an unnaturally large number of conserved T cell epitopes

The EpiVax HPV vaccine illustrates yet another aspect of vaccine design: 'megatope' proteins, re-engineered to increase the epitope content. This approach already had some success (Okazaki et al. [@CR69]).

Advantages and Disadvantages of IDV {#Sec30}
===================================

In the case of variable viruses such as HCV, influenza, and HIV, one limitation of conventional vaccination, and of natural infection, is that the immune system often focuses strongly on the most mutable immunogens. IDVs can be constructed from alternative antigens, which are more conserved or more protective, circumventing this problem (Russell and Liew [@CR84]; Scherle and Gerhard [@CR87]; Scherle and Gerhard [@CR88]; Santra et al. [@CR85]; Subbramanian et al. [@CR98]). In addition, broadening the T cell repertoire might make it possible to impair viral escape and decrease viral loads sufficiently to disrupt transmission.

Epitope-driven vaccines also offer distinct advantages over vaccines encoding whole protein antigens, since epitopes are safe and can be packaged into relatively small delivery vehicles. The epitope-driven approach offers platform independence: a delivery vehicle (peptide, DNA, multi-epitope construct) can be modified or selected midway into the development process. Multiple conserved epitopes, in addition to augmenting the efficacy of a preventive vaccine, could provide a broad and universal cellular immunity, known to be crucial for containment of infection, although perhaps ineffective for protection against infection.

Despite these advantages, there are a number of reasons that a given pathogen-directed, epitope-based vaccine might fail to reach clinical trials or protect humans: (1) the limited number of epitopes expressed by the vaccine (i.e., poor payload quantity); (2) limited conservation of epitopes (leading to limited coverage of variant clinical isolates) (3) the limited HLA population coverage (i.e., poor payload quality); (4) suboptimal vaccine delivery; and/or (5) the dearth of suitable animal models.

In addition, the concept of epitope-driven vaccines is relatively novel. Complete genome sequences have been available for only a little more than a decade now and the tools to process the data for vaccine design are only newer. Experimental validation needed to push forward these vaccines into clinical trials is now emerging and promises to enable epitope-based vaccines to claim a prominent place in the vaccine world.

Future Research {#Sec31}
===============

The technologies needed to identify immunostimulatory antigens and epitopes from pathogen genomes are already well developed. The principle focus of future research in this area will likely be in fine-tuning these technologies and expanding them to tailor immune responses in individuals. For example, development of epitope mapping algorithms for DQ and DP Class II HLA alleles will make it possible to completely characterize immunomes. This information will make it possible to generate comprehensive individual T cell epitope measures (iTEM) based on an individual's HLA genetic make-up and allow researchers to identify a priori clinically important epitopes and screen clinical cohorts for subjects that are more likely to develop targeted immune responses.

Furthermore, genome-mapping tools that are currently available are not yet useful for discovering B cell epitopes, whether from proteins or from non-protein components such as carbohydrates or lipid antigens. Immunoinformatics tools that are currently available cannot be used to accurately predict conformational (B cell) epitopes that interact with antibody, although such tools are being refined (Enshell-Seijffers et al. [@CR25]). Thus, the immunogens identified using in silico approaches must be evaluated in vitro and also in appropriate challenge models, prior to progressing to vaccine trials.

Protective immune response probably also involves some engagement of the innate immune system; it has been impossible to differentiate between effective and non-protective epitopes. Cytokine milieu may affect the outcome of immunization; thus, a limited number of toll-receptor agonists (Imler and Hoffmann [@CR38]) have been identified and these are under study in conjunction with IDVs. In the future, toll-receptor signaling 'pathogen-associated molecular patterns' (PAMPS) might also be modeled and selected using immunoinformatics tools.

Besides antigen identification, the success of IDVs relies heavily on delivery technologies. These areas continue to independently mature and provide important lessons to epitope-based vaccine design. The major areas of research to watch include biological macromolecule (including cytokines), lipopeptide, and polysaccharide adjuvants and particulate (liposomes, exosomes, virosomes, nanoparticles) and cell-based delivery systems.

Conclusion {#Sec32}
==========

The development of safe and effective vaccines against emerging infectious diseases such as influenza, both seasonal and pandemic, HIV, and TB, in addition to cancers associated with infectious pathogens such as HBV and HCV, is an urgent and achievable public health priority. In addition, vaccines for the prevention and treatment of cancer hold enormous promise for human health.

The threat of bioterrorism following the events of September 11, 2001, provided vaccinologists with a persuasive argument for more rapid development of vaccines against viral and bacterial pathogens that are now included on the NIH Category A-C Biopathogen list (<http://www3.niaid.nih.gov/topics/BiodefenseRelated/Biodefense/research/CatA.htm>). 'Emerging infectious diseases' were added to the vaccine wish list following the outbreak of Severe Acute Respiratory Syndrome (SARS) in Guangdong China in 2002. Indeed, only a few months following the publication of the SARS-Coronavirus (SARS-CoV) genome (Marra et al. [@CR58]; Rota et al. [@CR82]), researchers began to map vaccine components using new bioinformatics and immunoinformatics tools, coupled with improved immunology techniques and specialized animal models. New vaccines based on this approach are currently being evaluated in animal models, less than a year from the start of the epidemic.

Future vaccine approaches may need to move away from 'whole' protein vaccines for a wide range of reasons. Multiple antigen or epitope vaccinations such as the approach illustrated here could be one way to elicit the sort of strong TH1 response necessary to pathogens following infection, in the context of a therapeutic vaccine. This approach could also be useful for a wide range of pathogens for which genomes have been partially or completely mapped. As described in this chapter, our group is actively pursuing the development of epitope-driven vaccines for HIV (De Groot et al. [@CR19]; Koita et al. [@CR47]), *Franciscella tularensis*, *Helicobacter pylori*, and smallpox. We have progressed from genome-derived epitope mapping to challenge studies in less than one year for some of these vaccine development programs.

Epitope-based and whole antigen IDVs are now just beginning to enter clinical trials, but this relative disadvantage may be cured with the tincture of time. One reason for the relative paucity of IDVs in clinical development is that the immunoinformatics tools for developing these vaccines have really only evolved in the last 10 to 15 years. The average length of time to develop a vaccine may be 20 years or more. While immunoinformatics tools are useful for accelerating the discovery and pre-clinical stage of vaccine development, testing vaccines in animal models and developing clinical trials is a lengthy process. It is likely that IDV and epitope-based IDV will begin to enter clinical trials and emerge on the market in greater numbers in 5 to 10 years.
